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Many phages employ a large heteropolymeric organelle located at the tip of the tail, termed the baseplate, for host recognition.
Contrast electron microscopy (EM) of the lactococcal phage Tuc2009 baseplate and its host-binding subunits, the so-called tri-
pods, allowed us to obtain a low-resolution structural image of this organelle. Structural comparisons between the baseplate of
the related phage TP901-1 and that of Tuc2009 demonstrated that they are highly similar, except for the presence of an addi-
tional protein in the Tuc2009 baseplate (BppA-r,c2000)> Which is attached to the top of the Tuc2009 tripod structure. Recombi-
nantly produced Tuc2009 or TP901-1 tripods were shown to bind specifically to their particular host cell surfaces and are capa-
ble of almost fully and specifically eliminating Tuc2009 or TP901-1 phage adsorption, respectively. In the case of Tuc2009, such
adsorption-blocking ability was reduced in tripods that lacked BppA 1,09 indicating that this protein increases the binding
specificity and/or affinity of the Tuc2009 tripod to its host receptor.

acterial viruses (bacteriophages, or phages) of the order Cau-

dovirales possess a tail that recognizes the host and ensures
genome delivery upon infection. This host recognition event is
mediated through binding of the tip of the tail to either a protein
receptor or a carbohydrate moiety located in or on the cell enve-
lope (1-3). Well-characterized examples of bacteriophages with
protein receptors include coliphages lambda and T5, which rec-
ognize LamB and FhuA, respectively, both located on the surface
of the Escherichia coli cell envelope (4-7), and Bacillus phage SPP1,
which recognizes YueB at the cell surface (8, 9). An alternative cell
binding approach by prototype bacteriophage T4 follows a two-
step process whereby the T4 long tail fibers first reversibly bind
lipopolysaccharide (LPS) or OmpC (10-13), causing a conforma-
tional change in the baseplate, which then allows irreversible bind-
ing of the short tail fibers of the baseplate to LPS (14). In the case
of carbohydrate-dependent host recognition, phages appear to
employ a so-called baseplate, a large heteropolymeric protein-
aceous organelle, in order to ensure efficient and host-specific
binding (15, 16). The study of saccharidic phage receptors is still in
its infancy but differs from the protein receptor model in that, due
to the relative weakness of an individual carbohydrate-protein
interaction, phage binding to a host is consolidated typically by a
large number of receptor binding proteins (RBPs) in the phage
baseplate (17, 18). The baseplate structures have only relatively
recently been recognized as host recognition devices and are of
particular interest among phages of Lactococcus lactis.

L. lactis is a Gram-positive bacterium extensively employed as a
starter culture in dairy fermentations. Due to its extensive and
global industrial exploitation, many phages infecting various
strains of the bacterium have been isolated and described. These
phages have been grouped into 10 different species based on DNA
homology and morphology (19). Among these, representatives of
the 2, P335, and 936 species are the most commonly encountered
phages in the dairy environment, where members of the c2 species
are known to recognize a proteinaceous receptor, while character-
ized members of the other two species possess a distinct baseplate
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and thus are thought to bind to a saccharidic receptor (20). A
striking feature of these phages, in particular the 936 and P335
species, is their narrow host range: each phage infects a small num-
ber of hosts with exquisite specificity among hundreds of different
L. lactis strains (21-23). The exact molecular nature of the saccha-
ridic receptors has long been a matter of speculation. While it was
first proposed that they are lipoteichoic acids (24), the limited
diversity of these phosphosaccharides was at odds with the ob-
served host recognition specificity of lactococcal phages. The dis-
covery of the so-called “pellicle” layer, which consists of an extra-
cellular phosphopolysaccharide and which was shown to be
required for infection of a 936-type phage (25), presented the
possibility of a phage receptor that is sufficiently different between
strains to be compatible with the particular host specificity of lac-
tococcal phages.

To understand the molecular basis of lactococcal-phage host
recognition, we previously performed structural studies of the
RBPs of representatives of the two major lactococcal-phage spe-
cies, the 936 type (for phages p2 and bIL170) and the P335 type
(for phage TP901-1) (17, 24, 26, 27). We also determined the
atomic structures of the baseplate of phage p2 (16) and that of
phage TP901-1 (15, 18), revealing striking differences in their host
recognition mechanisms (15, 16, 28, 29). The p2 baseplate under-
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TABLE 1 Bacterial strains, phages, and plasmids used in this study

Strain, phage, or plasmid” Relevant feature Reference
L. lactis strains
NZ9000 L. lactis carrying nisRK on the chromosome 48
UC509.9 Host for Tuc2009; UC509.9 cured of prophage 49
3107 Host for TP901.1 50
Phages
Tuc2009 Phage isolated from L. lactis subsp. cremoris UC509 49
TP901.1 Phage isolated from L. lactis subsp. cremoris 901-1 50
Plasmids
pTX8048 PpNZ8048 derivative for generating thioredoxin fusions; contains a His tag cloned in frame 32
pTX8049 pNZ8048 derivative for generating thioredoxin fusions 32
pNZ38048 L. lactis expression vector containing the nisp promoter; Cm* 48
(1) pTX8048-UAL pTX8048 encoding Tuc2009 BppU, BppA, and BppL as an operon 32
(2) pTX8048-UA pTX8048 encoding Tuc2009 BppU and BppA as an operon This study
(3) pTX8048-UL pTX8048 encoding Tuc2009 BppU and BppL as an operon This study
(4) pTX8048-AL pTX8048 encoding Tuc2009 BppA and BppL as an operon This study
(5) pTX8049-UctAL pTX8049 encoding Tuc2009 BppUct, BppA and BppL as an operon; TEV cleavage site This study
(6) pTX8049-UctL pTX8049 encoding Tuc2009 BppUct and BppL as an operon; TEV cleavage site This study
(7) pTX8048-U-24AL pTX8048 encoding Tuc2009 BppU-24, BppA and BppL as an operon This study
(8) pTX8049-Uct-24AL pTX8049 encoding Tuc2009 BppUct-24, BppA and BppL as an operon; TEV cleavage site This study
(9) pTX8048-TP901.1UL pTX8048 encoding TP901.1 BppU and BppL as an operon This study

“ The numbers in parentheses correspond to the expression constructs in Fig. 1B.

goes a dramatic conformational change as a prerequisite for host
recognition, an event that is catalyzed by Ca** (16). In contrast,
the TP901-1 baseplate is maintained in a “ready-to-use” confor-
mation, and infection by this phage is not dependent on Ca*"
(29). The established baseplate models of these 936 and P335
phages possess a common architecture, consisting of six receptor
binding subunits formed around a central core (15, 16). In the
case of TP901-1, a prototype P335 phage, the central core consists
of a Dit hexamer that holds six receptor binding subunits, also
called tripods due to their shape, which are each composed of
three BppU and nine BppL protein monomers (18). Since the
BppL protein represents the RBP, it follows that TP901-1’s base-
plate possesses 54 RBPs, each of which capable of interacting with
a carbohydrate receptor.

An “in-solution” baseplate model was previously established
for phage Tuc2009 (30), and in the current work, we utilized elec-
tron microscopy (EM) to obtain a low-resolution structural image
of the Tuc2009 baseplate and tripods, which, relative to TP901-1,
harbors an additional protein, and to demonstrate binding of re-
combinantly produced phage tripods to their specific host and
their ability to competitively and specifically exclude phage parti-
cles from host adsorption.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. L. lactis was cultured in GM17 (M17 broth;
Oxoid, United Kingdom) with 0.5% (wt/vol) p-glucose (Sigma, St. Louis,
MO, USA) at 30°C under static conditions. L. lactis transformants were
selected on GM 17 agar plates supplemented with 5 pwg/ml chloramphen-
icol (Sigma, United Kingdom). Where nisin was required for controlled
gene induction, we used Nisaplin powder (2.5% nisin; Danisco, United
Kingdom) dissolved in sterile water at a final concentration of 40 ng/ml.

Cloning. The primers used for amplification and cloning purposes
were purchased from Eurofins MWG (Germany). PCR amplifications
were carried out using KOD high-fidelity DNA polymerase (Novagen,
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United Kingdom), restriction enzymes were obtained from Roche (Ger-
many), and T4 DNA ligase was purchased from Promega. Phage template
DNA was obtained by infecting L. lactis UC509.9 with Tuc2009, followed
after 1 h by total genomic DNA extraction (31). In order to generate
protein pairings for all the possible combinations of Tuc2009 baseplate
tripod proteins  (BppUAruc000s BPPULtucan09r BPPALtucanoer and
BppUAL,c2009)> PCR products encompassing the genes for each combi-
nation were digested with BamHI and Spel and cloned into the similarly
restricted expression vector pTX8049 or pTX8048 (32). The adjacent
genes encoding BppU 000 and BppA1,c00e Were amplified using the
primers UAL_F (AGCAGCGGATCCATGACAGAACATTTTATAAC)
(underlining indicates a BamHI restriction site) and UA_R (AGCAGCA
CTAGTTTATTTGGGTAGTGTTGTTT) (underlining and boldface in-
dicate an Spel restriction site) and cloned into pTX8048, while genes
specifying BppA-uco09 and BppLyycaoge Were amplified using UAL_R
(AGCAGCACTAGTTTAATTCCGATAAAGTTTTACAATC) and AL_F
(AGCAGCGGATCCATGGCAGATAAAAATTATT) and cloned into
pTX8048. A splicing-by-overlap-extension (SOE) (33) strategy was uti-
lized to generate a construct that encoded BppU 1, 2000 a0d BPpL1yucao0-
Primers UAL_F and U_SOE (TTTATTCTCCTATTTCTATTATCCCCC
GTTTTCCCACGAAA) (italics indicate overhang used for SOE) were
used to amplify the BppU-1,c2000-€ncoding gene, while the primer combi-
nation L_SOE (TAGAAATAGGAGAATAAAATGGCTGAATTAACTAA
AATTAC) and UAL_R generated the coding region for BppL. The last two
PCR products harbored complementary overhangs and were employed
for this purpose as a combined template to generate a bppUL 1, .5009-SPEC-
ifying DNA region by amplification using the primer combination UAL_F
and UAL_R, after which the SOE product was cloned into pTX8048.

A variant of the Tuc2009 BppUAL ., 0o tripod in which only the C-ter-
minal part of BppU-, 5009 Was present, designated BppUct 5009 Was pro-
duced (encompassing amino acids [aa] 194 to 322 of BppU-1,ca009)- In order
to generate this BppUCtALy,,,g0o-encoding construct, the relevant DNA was
amplified using primers UCt_F (AGCGGATCCCACCATCATCATCATC
ATTCTTCTGGgaaaac ctgtacttccagggttct AGCGGATTTAATGTAGTAA
TTGAGC) (the polyhistidine tag is in boldface, while lowercase indicates
a TEV protease cleavage site) and UAL_R, after which the resulting am-
plicon was cloned into pTX8049. The BppUCt primer was designed so as
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to generate a thioredoxin fusion product of the C-terminal 129 amino
acids of BppU. The BppUctL,,000-encoding construct was generated,
utilizing pTX8048-UL as a template; primers UCt_F and UAL_R were
used to generate a BppUctL,,,09-specifying amplicon, which was cloned
into pTX8049.

A derivative of BppU 2000 With the C-terminal 24 amino acids re-
moved (BppU-241,.,000) Was expressed as an operon, along with
BppA-yc000 and BppLy,p0e- This construct was generated by SOE,
where the BppU-241,,000-€ncoding fragment was amplified using the
UAL_F and UACt24aa_SOE (ATTATCCCCCGTTTTCCCTTACACTTT
TTCAACATAGCCT) primer combination. Primers AACt24aa_SOE (G
GGAAAACGGGGGATAATATGGCAGATAAAAAT) and UAL_R were
used to generate the BppALy,000-Specifying region. These two ampli-
cons were mixed to provide the combined template for the SOE PCR with
the UAL_F and UAL_R primers to generate the BppU-24AL ., ,yo-€N-
coding product, which was cloned into pTX8048. An equivalent construct
was generated for the BppUcty,ouo0o model. Primers UCt_F and
UACt24aa_SOE were used to amplify a BppUct-24,, ,0o-specifying am-
plicon, which was mixed with the BppAL,,,009-e€ncoding amplicon and
amplified with UCt_F and UAL_R to yield the BppUct-24AL 1, 5000-SPEC-
ifying fragment, which was then cloned into the pTX8049 vector.

Protein expression and purification. Protein expression was based on
a system that combines use of the nisin-inducible expression system and
thioredoxin fusion (32). Recombinant plasmids containing the regions of
interest were transformed into L. lactis NZ9000. They were grown over-
night at 30°C in GM17 broth supplemented with chloramphenicol at 5
pg/ml. Two percent of this overnight bacterial culture was inoculated into
fresh GM17-chloramphenicol and incubated at 30°C. When the optical
density at 600 nm (ODy,) reached 0.2, protein expression was induced by
adding Nisaplin at a concentration of 40 ng/ml. Growth was allowed to
continue for another 4 h, at which time the cells were harvested from
suspension by centrifugation (8,700 X g for 10 min at 4°C). The bacterial
pellet was subsequently washed in buffer (10 mM Tris, 300 mM NaCl, 10
mM CaCl,, pH 8) and stored at —20°C.

Bacterial pellets isolated at the protein expression step were defrosted
at room temperature, resuspended in buffer (10 mM Tris, 300 mM NaCl,
10 mM CaCl,, pH 8, with 25 mg/ml lysozyme), and incubated for 30 min
at 20°C. After incubation, the calcium levels in the sample were supple-
mented to bring the final CaCl, level up to 50 mM, and the sample was
placed on ice. The samples were then sonicated in an MSE Soniprep
(Sanyo, Japan) at 20 wm (maximum amplitude) for 30 s, followed by a
minute on ice for 5 cycles. This was followed by centrifugation (25,000 X
gfor 30 min at 4°C) to remove cell debris and insoluble components of the
sample. The samples were run on 12.5% SDS-PAGE gels to confirm the
presence of induced target proteins, and their identities were confirmed
by Western blotting as outlined previously (32) and using polyclonal an-
tibodies raised against BppU-1,c2009> BPPL1uc2009> OF BPPA w2000 (34)-

Purification was based on His-tagged proteins (a His tag present at the
C-terminal end of thioredoxin, which in turn was located at the N-termi-
nal part of the target protein) by employing the PrepEase Histidine-tagged
Protein Purification kit, utilizing a Ni-Tris(carboxymethyl)ethylene di-
amine (TED)-based system (USB, USA) or Ni-nitrilotriacetic acid (NTA)
agarose (Qiagen, United Kingdom). The protocols for both kits were
modified so that the basic buffer in each case was 10 mM Tris, 300 mM
NaCl, 50 mM CaCl,, pH 8; imidazole was added to this buffer to mimic
the original protocols, as recommended by the manufacturers. Where
necessary, protein complexes were further purified on an Akta fast-per-
formance liquid chromatography system, using a Superose 6 PG XK 16/70
gel filtration column (GE Healthcare, USA), in a buffer constituted of 10
mM Tris, 300 mM NaCl, 50 mM CaCl,, pH 8, at a flow of 1 ml/min.
Protein complexes were concentrated using an Amicon Ultra centrifuge
device with a 10-kDa mass cutoff (Millipore). The protein concentration
of the baseplate complexes was determined by Bradford assay (35).

Production of purified Tuc2009 particles. Tuc2009 phage lysate (3.6
liters) was generated in M17 broth (Oxoid Ltd.) supplemented with 0.5%
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glucose and 10 mM CaCl,. The lysate was generated using a 2% inoculum
of the host strain Lactococcus lactis subsp. cremoris UC509.9 infected with
afresh, small-scale lysate (35 ml) of a titer of 108 PFU/ml. The mixture was
incubated at 30°C until lysis was observed. Upon lysis of the culture,
sodium chloride was added to a final concentration of 0.5 M and supple-
mented further with CaCl, to a final concentration of 50 mM. Bacterial
debris was removed by centrifugation at 6,000 rpm for 15 min. To the
supernatant, polyethylene glycol 8000 (PEG 8000) was added to a final
concentration of 10% (wt/vol) and incubated for 7 h at 4°C, after which
the suspension was centrifuged at 9,000 rpm for 20 min. The pellet was
subsequently resuspended in a minimal volume of phage buffer (20 mM
Tris-HCL, pH 7.5, 10 mM MgCl,, 100 mM NaCl, 50 mM CaCl,). The PEG
8000 was removed by extraction with an equal volume of dichlorometh-
ane. The resulting clarified lysate was then applied to a Sephacryl 500 gel
filtration system at a flow rate of 2.5 ml/min, and 4-ml fractions were
collected in phage buffer (phage eluted at 36 to 52 ml). After filtration
through a 0.45-pm filter, the fractions containing phages were concen-
trated by ultracentrifugation at 22,000 rpm in a Beckman SW41 rotor. The
pellets were resuspended in a minimal volume of phage buffer (50 to 100
wl). The resultant phages were of suitable purity for EM analysis.

Electron microscopy. (i) Sample preparation. Three microliters of
sample at a final concentration of 0.05 mg/ml was deposited on a glow-
discharged carbon-coated copper grid. After 1 min in contact with the
carbon film, excess solution was blotted, and 10 .l of 2% uranyl acetate
was added to the grid for 1 min. The grid was then air dried and trans-
ferred for observation. When nanogold was required, a commercially
available nanogold, Ni-NTA-Nanogold (Nanoprobes, USA), was utilized.

(ii) Data collection. Charge-coupled device (CCD) images (baseplate,
2,000; BppUAL 1,009 100; and BppUCctAL, 5009, 100) were recorded
under low-dose conditions with an FEI Tecnai Spirit microscope operated
at 120 kV. Images were recorded at a magnification of X67,500 (3.53
A/pixel) for BppUALy 000 and BppUctALy, 5000 and X48,500 (4.95
A/pixel) for the baseplate.

(iii) Image processing. Particles (baseplate, 2,000; BppUAL 5000
5,400; and BppUCctAL 5000 5,100) were selected using the program
Boxer from the EMAN2 package (36), extracted into boxes of 128 by 128
pixels for the tripods and 144 by 144 pixels for the baseplate, and com-
bined into three different data sets. The data sets were pretreated using the
SPIDER package (37) and submitted to maximum-likelihood (ML) clas-
sification and alignment (38) using the Xmipp package (39). Initial mod-
els were built to form a visually selected class average imposing the corre-
sponding symmetry, C3 for the tripods and C6 for the baseplate. These initial
models were then refined by three-dimensional ML refinement. The base-
plate was further refined by projection matching with a sampling rate of 5°
using SPIDER. After refinements, final models were obtained at resolutions of
approximate 44 A (BppUALy,cr000)> 23 A (BppUCtAL cr000)> and 36 A
(baseplate), as estimated by Fourier shell correlation (FSC) and the 1/2-bit
threshold criterion (reference 40 and data not shown).

(iv) Structure visualization. Molecular graphics and analyses were
done with the UCSF Chimera package (41; Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Fran-
cisco [supported by NIGMS P41-GM103311]). The model-EM map or
EM map-EM map fitting was performed by the option “fit in map” of the
“volume” register. The difference maps were calculated by the “vop sub-
stract” command.

Adsorption assays. Adsorption assays were carried out based on a
protocol outlined previously (42). Cells were grown to late exponential
phase (ODg, ~0.7). The cells were centrifuged (15,000 X g; 3 min) and
resuspended in 1/4-strength Ringer’s solution. Phages were added to a
final concentration of 10° PFU/ml. Following incubation at 30°C for 12.5
min, the bacterial host cells were removed by centrifugation. The super-
natant was retained, and the remaining phage level was determined by
plaque assay.

The tripod-mediated adsorption inhibition assay is an adaptation of
the adsorption assay method. Late-exponential-phase lactococcal host
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FIG 1 Phage expression constructs. (A) Schematic presentation of the genomic regions of Tuc2009 and TP901-1 encoding the phage baseplate proteins. (B)
Schematic representation of constructs for expressing phage protein complexes. The numbers in parentheses correspond to the expression constructs in Table
1. The Tuc2009 bppU gene is represented by three different gray patterns: checkered, representing the 24-amino-acid “hanger,” and solid gray and hatched gray
together, representing the portion of the bppU gene that encodes the C-terminal region. The bppU section encoding the N-terminal portion is indicated by
hatched gray. For TP901-1, the DNA encoding the BppU N-terminal region is hatched, while that specifying the C-terminal portion is indicated in solid gray. The
light-gray and black flags represent DNA regions to facilitate thioredoxin and His tag fusions, respectively.

cells (225 wl) resuspended in Ringer’s solution were added to a tube to
which either 50 pl of buffer (negative control) or tripod complex was
added. This cell-tripod mixture was incubated at 30°C for 1 h, and at this
stage, phage were added to give a PFU count of 10° per ml and a total
reaction volume of 0.5 ml. This mixture was incubated at 30°C for 12.5
min, host cells were removed by centrifugation, the supernatant was re-
tained, and the remaining PFU were determined using the double-agar
method (43).

Accession numbers. The EM structures of Tuc2009 BppUAL 15000
and BppU-CtAL ., ,go tripods and of the Tuc2009 baseplate were depos-
ited at the Electron Microscopy Data Bank (EMDB) under the accession
numbers EMD-2345, EMD-2343, and EMD-2340, respectively.

RESULTS

Cloning and production of Tuc2009 phage proteins. Tuc2009
belongs to the P335 species of lactococcal phages and possesses a
baseplate composed of a hetero-oligomeric protein complex (30).
The structural genes encoding the baseplate are found in the
Tuc2009 genomic region, which starts at the distal tail gene (dit)
and ends with the bppL gene (Fig. 1A). Analogous to the situation
in TP901-1, it was expected that the Tuc2009 baseplate contains
six so-called tripods, each of which exists as a BppU,c009-
BppAt,c20090-BPPLrycaooe  Protein complex  (BppUALrycag00),
which had until now been recalcitrant to advanced structural
characterization (16). In order to achieve maximal protein (com-
plex) production of the Tuc2009 tripod or parts thereof, we per-
formed protein expression in L. lactis NZ9000. A recently devel-
oped lactococcal expression vector that incorporates the inducible
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NICE system and thioredoxin gene fusion (32) was successfully
employed for this study, allowing soluble and stable (co)produc-
tion of various Tuc2009 tripod proteins at a high yield (the various
cloned and expressed genes are schematically outlined in Fig. 1B).
This approach utilized an operon-based E. coli-based cloning and
expression strategy previously described for the characterization
of TP901-1 and p2 phage baseplates (16).

In this way, we achieved coexpression of a number of
Tuc2009 tripod protein complexes (Fig. 1 and 2), representing
the following protein combinations: BppU ,c000-BPPA Tuc2000

(BPPUA14c2009)>  BPPUTuc2000-BPPLruc2000  (BPPULtyca000)>
BppATuc2000-BPPLruc2000 (BPPAL1yc2000)> and BppUALrca000-
All constructs were generated using the lactococcal expression

vectors pTX8048 and pTX8049, allowing the first protein en-
coded by the constructed operon to become translationally
fused at its N terminus to a thioredoxin and hexahistidine
(Hisg) tag. When the Hisq-tagged protein is purified, the sec-
ond and, for some constructs, third protein products encoded
by the operon are copurified if they form protein complexes
with this Hise-tagged product, as was shown previously for
other baseplate-tripod complexes (16). Production of all pro-
tein combinations was successful, with a relatively high yield of
between 1 and 4 mg/liter (Fig. 2A), except for the BppAL+1, 5000
pairing, which produced negligible amounts of protein (data
not shown). The generation of a BppUAL, ;099 complex had
previously been attempted in E. coli without much success (16)
yet was successful when L. lactis was used as the expression host
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FIG 2 Production and analysis of Tuc2009 tripod protein complexes. (A) SDS-PAGE analysis of the His-tagged purified protein products expressed by L. lactis
NZ9000 cells harboring pTX8048-UAL (lane 1), pTX8048-UA (lane 2), pTX8048-UL (lane 3), pTX8049-BppUctL (lane 4), and pTX8049U-CtAL (lane 5). The
Tuc2009 tripod protein products are indicated in the text. (B) SEC-MALS-RI analysis of the tripod complexes. The molar mass (left axis; solid lines) and the
UV, 4, absorbance (right axis; dashed lines) are plotted as functions of the column elution volume. (I) BppUAL. (II) Tuc2009 BppUctAL complex.

(32), while we further improved the induction and extraction
procedure to allow production of this protein complex at levels
suitable for further characterization (Fig. 2A). In addition, we
successfully purified BppUA 2009 and BppULyyca009 cOmM-
plexes, demonstrating that BppU- 1,000 0N its own acts as the
binding partner of either BppL1,c009 OF BPPA 009> despite
the absence of the third protein component of the Tuc2009
tripod (Fig. 2A).

The structure of the Tuc2009 tripod complex. The tripod
complex of phage Tuc2009 is composed of open reading frames
(ORFs) similar to those of TP901-1, with the exception of BppA,
which is not encoded by TP901-1 (Fig. 1A). The BppU proteins of
Tuc2009 and TP901-1 exhibit high identity (97%) within the first
180 residues; however, their C termini are more divergent (52%
identity). Furthermore, BppU 1,000 POSSesses a 24-residue C-ter-
minal extension relative to BppU pgg1_; (Fig. 3A). BppLyco00 and
BppL1peo;.1> which represent the RBPs of Tuc2009 and TP901-1,
respectively, are the most divergent proteins among the baseplate
components of the two phages: some identity is present within the
first 60 residues, in particular amino acid residues 9 to 20 and 38 to
50 (BppLipegi.; numbering) (data not shown). Beyond residue
60, the two proteins lack sequence similarity, which is assumed to
be responsible for the distinct receptor binding specificity of each
of these RBPs and explains the specific host ranges exhibited by
their corresponding phages. The successful expression of Tuc2009
proteins allowed us to further characterize the Tuc2009 tripod,
which was purified as a BppUAL 000 complex of 381 kDa, as
determined by size-exclusion chromatography—multiangle light-
scattering—refractive index (SEC-MALS-RI) analysis (Fig. 2B, I).
This molecular mass of the hetero-oligomeric protein complex is
consistent with a stoichiometry of 3 BppU-1,5000> 2 BPPA w0005
and 9 BppL 1,000 Which has a theoretical mass of 388 kDa.

The Tuc2009 tripod complex was shown to exhibit a well-de-
fined structure by single-particle EM reconstruction, consistent
with findings for the related phage TP901-1 (15) (Fig. 4A). How-
ever, whereas the three RBP trimers fit exactly within this tripod,
the “upper part” of the EM density was more difficult to assign,
possibly due to the disorder of the large BppU-,,000 N-terminal
domains. In order to simplify the assignment, we expressed a
complex of BppUct 09 €ncompassing only the C-terminal
portion of BppU.,00e (corresponding to residues 194 to 322, sim-

August 2013 Volume 87 Number 15

ilar to what has been described for BppU pgg;_; (18) (Fig. 1). Inter-
estingly, this complex was shown by MALS-RI to exhibit a mass of
290 kDa, accounting for a stoichiometry of 3 BppUctrycpoe 3
BppA tucaooe and 9 BppL e (theoretical mass, 306 kDa) (Fig. 2A
and B, IT), demonstrating that the removal of the N-terminal portion
(residues 1 to 193) of BppUr,co0e does not impact the truncated
protein’s ability to complex with BppA-1, 5000 a1d BppLyy,c000 While,
surprisingly, allowing the inclusion of an additional BppA-1,, ;090 Pro-
tein in the resulting tripod. This complex was readily assigned in the
EM maps by fitting the molecular structure of its counterpart from
TP901-1 (BppU C terminus and BppL), which was solved by X-ray
crystallography (29) (Fig. 4D). Upon subtraction of the X-ray map of
the BppUct tripod of TP901-1 from the EM map of the Tuc2009-
corresponding BppUct tripod, we obtained a globular difference map
accounting for three BppA+,,.2000 Proteins located on top of the tri-
pod and interacting laterally with BppUct (Fig. 4F). Mass calculations
of this differential volume were performed, which yielded, assuming
a density of 1.44 Da/A>, a calculated mass of 300 kDa versus a theo-
retical mass of 306 kDa.

The baseplate structure. Detailed analysis of the complete
Tuc2009 baseplate was also carried out. Based on previous work
(30), we assumed that the phage Tuc2009 baseplate is composed
of an oligoheteromeric complex of five different proteins: ORF49
(Ditryc000)s ORF50 (Talygge), ORF51 (BppUrycagee)s ORF52
(BPpA-uca009)> and ORF53 (BppLy,cag09)- Single-particle electron
microscopy was used to examine the baseplate region of Tuc2009
phage particles, a technique that has previously proven to be very
powerful for other lactococcal-phage baseplates, such as those of
phage p2 (16) and TP901-1 (15, 29). For the purpose of this ex-
periment, we collected ~2,000 EM images of phage Tuc2009 us-
ing negative staining. We boxed images of the Tuc2009 phage
around the baseplate, including a small part of the tail, and per-
formed single-particle EM reconstruction with 6-fold symmetry
averaging (see Materials and Methods for further details). The
observed overall EM density resembles that obtained for the base-
plate phage of TP901-1, in agreement with the very high sequence
identity of the individual protein components that form their
baseplates. The Tuc2009 baseplate displays a 6-fold-symmetry
structure with dimensions corresponding to 290-A diameter and
160-A height (Fig. 5). The EM density of the Tuc2009 tripod struc-
ture (Fig. 4) can be fitted readily in one of the sextants of the
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FIG 3 Sequence alignment of upper and accessory baseplate proteins. (A) Amino acid alignment of BppU protein homologues from TP901-1, Tuc2009, KSY1,
P335, and UL36. The secondary structure is indicated above the alignment. (B) Amino acid alignment of BppA protein homologues from Tuc2009, UL36, and
P335. For both alignments, regions of identity are highlighted in gray, and consensus is shown below the alignment. Uppercase signifies identity, lowercase is a
consensus level of >0.5, ® is unconserved, $ is L or M, % is For Y, ! is [ or V, # can be one of DENQ, and * is one of EVADK.
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FIG 4 EM map of Tuc2009 tripod. (A to C) The BppU (full length), BppA, and BppL complex. In panel A, only a tripod is displayed, while in panels B and C,
the three possible orientations are shown. The EM map appears as a gray transparent surface. (D to F) The BppUct, BppA, and BppL complex. (D) The TP901-1
X-ray-determined BppUct-BppL complex fitted into the EM map (gray). (E) The blue surface corresponds to the 20-A calculated map of the TP901-1
BppUctBppL complex shown in panel D. (F) The violet blobs result from a calculated difference map between the two maps presented in panel E. The artifact at
the top of the density has been removed. These blobs represent three molecules of BppA-1,c200-

baseplate (Fig. 5A). The X-ray structure of the baseplate of phage
TP901-1, comprised of Ditpgg;-1> BPPUrpoor-1> and BppLrpooi_1>
was fitted into the Tuc2009 EM density map using Chimera (41).
The position of each BppLpgg;_; trimer was then optimized into
each of the BppL, 009 trimer densities, and the Dit-BppU.pgg;_;
complex was optimized as a whole in the corresponding density of
the Tuc2009 baseplate. The results show a remarkable fit of the
complete TP901-1 baseplate into the Tuc2009 EM density map
(Fig. 5B to D). We then subtracted the electron density of the
molecular model, calculated at 20 A, from the experimental EM
density of the Tuc2009 baseplate (Fig. 6A, B, and C). This resulted
in a small number of residual densities in the raw difference map,
corresponding to the virion’s tail (Fig. 6B and C, top), the Tal, o
trimer (Fig. 6C, bottom), and BppAr,.00e (Fig. 6A and B, equa-
torial position). The various components of this differential map
(Fig. 6C, D, and E) were then separated and “cleaned,” and only
the first ring of the tail was retained, thereby erasing the rest of the
density. The structures of the major tail protein (MTP) (Fig. 6D to
F, orange) appear quite clear, with its ~40-A-diameter channel
inside, and are in contact with Ditr, 0o (Fig. 6E and F, bottom),
which exhibits a channel of the same size. The tail fiber of
Tuc2009, called the tail-associated lysin (Tal,) (44, 45) (Fig. 6D
to F, blue), appears as a 6-fold-symmetry structure, in spite of
being a trimer (30), because two structures can superimpose with
a 60° rotation (and not 120°), leading to pseudo-6-fold symmetry.
However, the general size and the contacts between Tal, ,, and the
rest of the baseplate are in agreement with expectations. Tal, g, is
in contact with the N terminus of Dity,,,09, Which forms a ring
with a 40-A internal channel (Fig. 6G). Tal,g, also contacts the
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inner BppLy, 000 trimers. The other face of the ring is in contact
with the first MTP ring (Fig. 5G). Finally, BppA-, 00 appears as
two elongated density bulbs (Fig. 6D and G), rather than three,
attached to the BppU 000 C terminus. As outlined in Fig. 6D,
the two elliptical densities (red) are positioned against two faces of
the triangular BppU 5000 (blue). The third face of the BppU C
terminus cannot accommodate a third BppA .0 (as in the
BppUCctAL 0000 tripod [see above]), because the position (black
ellipsoid) is occupied by the elongated three-helix bundle, which
connects the N-terminus trimeric ring of BppU-,c00¢ to its C
terminus, as observed in the phage TP901-1 baseplate (29).
BpPA-tucao0e requires the BppUr, 2000 C-terminal extension
for complex formation. When the baseplates of Tuc2009 and
TP901-1 are contrasted, a key difference between them is the pres-
ence of the BppA 000 protein in the Tuc2009 baseplate (see
above). It was noted that a 24-amino-acid region is present in the
C-terminal region of the Tuc2009 BppU protein, whereas
TP901-1, which does not encode a BppA protein, lacks this C-ter-
minal extension in its BppU primary sequence. This 24-amino-
acid region is also present in other BppU homologues encoded by
various phages, such as P335 and ul36 (Fig. 3), which do encode a
BppA protein. It was therefore hypothesized that this 24-aa exten-
sion is required to attach BppA to the baseplate, thus acting as a
“hanger” for BppA. In order to test this, we generated two con-
structs, pTX8048U-24AL and pTX8049Uct-24AL, in which
BppU-yean0e and BppUctr, 000 are expressed as proteins carrying
a 24-amino-acid C-terminal truncation (designated BppU-
2410000 and BppUct-241,5000), respectively, alongside the
BppA-1uca000 ad BppLyy00e proteins (Fig. 1). The (co)expressed
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FIG 5 Negatively stained EM map of Tuc2009 baseplate. (A) The tripod (BppUctAL ., ,000) EM map (violet) fitted into the EM map of the baseplate of phage
Tuc2009 (gray). (B) The molecular X-ray structure of the baseplate of TP901-1 fitted into the EM map of the baseplate of phage Tuc2009. The fit of each BppL
trimer was optimized locally. The three BppL trimers that form the “legs” of a given tripod are depicted in a specific color, with legs of different tripods in distinct
colors. BppU (top) is colored red. (C) View from the top. (D) View from the bottom.

products of these constructs were then assessed, in particular, the  band representing BppLy 009 Was clearly observed by SDS-
presence or absence of the BppA-, ;00 protein in the crudelysate  PAGE in the soluble fractions (Fig. 7A). Although BppA-1, 000 18
and in the His-tagged purified protein products by SDS-PAGE  not visible in the crude cell extract, as is typical for this type of
analysis. Upon induction of these tricistronic vectors, a protein  polycistronic induction in L. lactis, the protein is nevertheless ex-

FIG 6 EM map analysis and molecular assignment of Tuc2009 baseplate. (A to C) A difference map (blue) was obtained by subtracting the 20-A-resolution calculated
map of the X-ray structure of the baseplate of TP901-1 from the EM map of the baseplate of phage Tuc2009 (gray). Three areas of difference density are observed in the
tail (top), BppA (periphery), and the Tal trimer (bottom). (A) Top view. (B) 45° view. (C) Lateral view. (D to F) The difference map was smoothed and assigned different
colors: the first tail ring is orange, BppA is yellow, and Tal is indicated in blue. The 20-A-resolution calculated map of the X-ray structure of the baseplate of TP901-1 is
pink/purple. (D) Top view. (E) 45° view. (F) Lateral view. The C-terminal domain of BppU is schematically indicated as a triangle, while the two BppA blobs are depicted
as red ellipsoids. The dark ellipsoid covers the position of the BppU helices, which prevents binding of a third BppA. (G) The same EM maps are displayed, but a different
EM map was calculated for Dit (pink), BppU (green), and BppL (brown). The tail is gray, and BppA is indicated in yellow.
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FIG 7 BppU C-terminal deletion. (A) Protein gel analysis of the crude soluble
fractions of induced NZ9000 plus pTX8048U-24AL (lane 1) and NZ9000 plus
pTX8049Uct-24AL (lane 2) and of purified fraction from induced NZ9000
plus pTX8048U-24AL (lane3) and NZ9000 plus pTX8049Uct-24AL (lane 4).
Lane L contains a prestained protein marker. (B) Immunoblot analysis show-
ing BppA, using anti-BppA rabbit polyclonal antibody as a primary antibody.
Shown are crude soluble fractions of induced NZ9000 plus pTX8048U-24AL
(lane 1) and NZ9000 plus pTX8049Uct-24AL (lane 2) and purified fraction
from induced NZ9000 plus pTX8048U-24AL (lane 3) and NZ9000 plus
pTX8049Uct-24AL (lane 4).

pressed, as shown by Western blotting (Fig. 7B, lanes 1 and 2).
When Tuc2009 tripod proteins are expressed as full-length pro-
teins, it is possible to simultaneously purify all three proteins as a
complex, based on a His, tag at the N terminus of BppUr,0005
due to their inherent affinity for BppU-1,c000 (Fig. 2A) (32). How-
ever, when we carried out a nickel affinity purification of BppU-
241402000 OF BppUct-24-1,000 Only these Hisq-tagged proteins
and BppL 000 Were purified, while BppA- 000 Was not de-
tectible, even by Western blotting (Fig. 7A and B, lanes 3 and
4), based on which we conclude that the 24-aa C-terminal re-

Baseplate Structure of Lactococcal Phage Tuc2009

gion of BppU. 1,500 18 required for the attachment of BppA-1, 5000 t0
BppU rucao0o-

EM analysis of tripod binding. The tripods of Tuc2009 and
TP901-1 contain the BppL/RBP protein, which is believed to
specifically interact with receptors at the bacterial surface. To
assess if recombinantly produced tripods can indeed interact
specifically with their bacterial host, immunogold electron mi-
croscopy of L. lactis UC509.9 incubated with 3 wM Tuc2009
tripod (BppUALyc2000) OF L. lactis 3107 incubated with a sim-
ilar amount of the TP901-1 tripod (BppUL peg;.;; expressed as
outlined in Fig. 1) was carried out using nanogold particles that
possess a Hiss-binding tag. Since gold labeling is expected to
occur only with molecules bearing a His, tag, i.e., the tripods,
this experiment permitted an assessment of the specificity and
localization of tripod-host receptor binding. The immunogold
electron micrographs showed that the tripods were localized
uniformly on the host cell surface, indicating that the host
receptor molecules are evenly distributed around the cell (Fig.
8A), a finding that is consistent with the saccharidic nature of
the proposed receptor for these phages. A high degree of spec-
ificity was demonstrated based on the incubation of TP901-1
tripods with L. lactis UC509.9 host cells, where negligible bind-
ing was noted (Fig. 8C). These findings are replicated if L. lactis
3107 is used as the host strain.

Tripod adsorption inhibition assays. Based on the observa-
tion that the BppUALy,,009 protein complex adopts a tripod con-
formation that fits into the EM model of the Tuc2009 baseplate,
combined with the immunogold EM data showing that Tuc2009
tripods bind specifically to their host cells, it was decided to estab-
lish if these recombinantly produced tripods could act as compet-
itors for phage adsorption. For this purpose, we incubated late-
exponential-phase cells of the Tuc2009 host, L. lactis UC509.9,
with increasing concentrations of Tuc2009 tripod complex. Fol-
lowing an incubation period, 10° PFU of Tuc2009 phage was

o ol

FIG 8 Immunogold labeling of tripods attached to cells. (A) L. lactis UC509.9 incubated with Tuc2009 tripods, followed by immunogold EM analysis. The black
dots on the image represent gold particles bound to the His4 tag present on the BppU component of the tripod. (B) Buffer incubation. Shown is L. lactis UC509.9
incubated with buffer, followed by labeling with immunogold. (C) Negative control. Shown is L. lactis UC509.9 incubated with TP901-1 tripods, followed by
labeling with immunogold. (I) Partial cell images. (II) Zoom image corresponding to the boxed areas.
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FIG 9 Adsorption-blocking assays. (A) Adsorption inhibition was deter-
mined when L. lactis UC509.9 was incubated with increasing levels of either
Tuc2009 or TP901-1 phage tripods, followed by adsorption assays us-
ing Tuc2009. (B) L. lactis 3107 was incubated with increasing levels of either
Tuc2009 or TP901-1 phage tripods, followed by adsorption assays using
TP901-1. (C) L. lactis UC509.9 was incubated with increasing levels of either
AN tripods or Tuc2009 tripods, followed by adsorption assays using Tuc2009.
The error bars represent the standard deviations of three independent exper-
iments performed in triplicate. *, P < 0.05; **, P < 0.01.

added to the mixture, after which Tuc2009 adsorption was mea-
sured. Remarkably, incubating bacterial cells with Tuc2009 tri-
pods was shown to result in a reduction of Tuc2009 adsorption to
the host cell, a phenomenon here termed adsorption inhibition
(the measure of adsorption reduction in the presence of tripods
compared to the adsorption in the negative control [buffer only]).
The adsorption inhibition effect was dose dependent and was seen
across a range of concentrations (Fig. 9). Ata tripod concentration
of 1.024 M, adsorption inhibition of 96% was achieved, while a
pronounced effect was observed even at a lower tripod level of just
0.016 wM, providing 15% inhibition (Fig. 9A). We further sought
to investigate if this protective effect was limited to Tuc2009 tri-
pods or if it was possible to replicate the effect using an alternative
tripod-host-phage combination. To that end, TP901-1 tripods
were incubated with L. lactis 3107 cells and challenged with
TP901-1 phage, and a similar phenomenon was observed; a low
level of adsorption inhibition of 2.6% was noted at 0.016 .M, and
as the TP901-1 tripod concentration was increased, adsorption
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inhibition gradually rose to 95% (at a TP901-1 tripod concentra-
tion of 1.024 pM) (Fig. 9B). Adsorption inhibition assays were
also performed in which lactococcal cells were incubated with a
noncorresponding tripod, i.e., UC509.9 (Tuc2009 host) with
TP901-1 tripod and 3107 (TP901-1 host) with Tuc2009 tripod.
The results obtained, as displayed in Fig. 9A and B, clearly show
that essentially no adsorption inhibition was provided by tripods
from a noncorresponding phage; even at the highest tested con-
centration of tripods, the percentage of adsorption inhibition did
not exceed 2%.

The role of BppA in phage adsorption. Since we demon-
strated that Tuc2009 tripods, composed of BppUAL1, »009> AN
provide adsorption inhibition, presumably by competitive re-
ceptor binding, we wanted to investigate the role or contribu-
tion of BppAr,c000 10 this phenomenon. For this purpose, we
produced Tuc2009 tripods that lack the BppA 000 Protein
component by making use of the finding that the C-terminal
extension of BppU-, 000 18 required for BppA,c,00 incorpo-
ration in the tripod (Fig. 1 and 7) (see Materials and Methods).
These BppA-negative tripods (AN tripods) were then used in
an adsorption inhibition test, as outlined above, by incubating
late-exponential-phase cells of the lactococcal host UC509.9
with increasing levels of tripod complex, followed by the addi-
tion of Tuc2009 to the mixture, after which the impact on
phage adsorption was measured. The results obtained clearly
demonstrate that the AN tripods still confer adsorption inhibition
of Tuc2009, ranging from a low level of inhibition of less 3.7% at a
tripod concentration of 0.016 wM to a high level of 91.5% at 1.024
WM. The adsorption inhibition assays with AN tripods were carried
out in parallel with assays using BppUAL,, 009 tripods, and when
the results obtained are compared, it is noteworthy that the level of
adsorption inhibition achieved for the AN tripods is significantly re-
duced at tripod concentrations 0of 0.016 uM (P < 0.05) and 0.064 and
0.256 pM (P < 0.01) concentrations, with approximately 20% less
adsorption inhibition noted for AN tripods at the last two concentra-
tions than for BppUAL 00, tripods (Fig. 9C).

DISCUSSION

While there has been much success in the production, character-
ization, and purification of TP901-1 proteins, the proteins of its
relative, phage Tuc2009, have thus far proven resistant to expres-
sion and downstream applications, preventing further character-
ization (16). Here, a combination of optimization approaches was
applied to overcome these hurdles and yield sufficient amounts of
Tuc2009 protein complexes for further study. We succeeded in
further characterizing this model P335 phage and drawing com-
parisons with its close relative, TP901-1.

We determined the low-resolution structure of the Tuc2009
tripod (BppUALyyuc000) and baseplate by EM at 20-A resolution.
When we compared the baseplate of Tuc2009 with that of
TP901-1, whose structure has been determined (29), they were
shown to both possess 6-fold symmetry and to be composed of
Dit, Tal, BppU, and BppL, while the Tuc2009 baseplate has an
extra protein component, BppA-1, 009, associated with its tripods.
The EM difference map made it possible to localize BppA1,c2000
within the BppUctAL 009 tripod, where 3 BppAr,c000 mole-
cules are bound to the BppUcty,g0e trimer. However, in the
BppUALy, o0 tripod or in the Tuc2009 baseplate, only 2
BppA-rueo0e Molecules are associated per tripod, since the third
position is occupied by the BppU 009 horizontal three-helix
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bundle that joins the BppUr 009 N-terminal domain to the
BppUryen00 C-terminal domain (29). Therefore, from these data
and excluding Tal, we conclude that the Tuc2009 baseplate is a
protein complex composed of 6 Ditry0000 18 BPpUrucaoger 12
BppA-uca000 and 54 BppLiyc00e Which accounts for an overall
mass of ~2.2 MDa versus 1.8 MDa for TP901-1. The presence of
BppA- 2000 00 the upper region of the tripod may help to stabilize
the interaction with BppLy,000 (the RBP), since BppUctr, 000
binds to the RBP trimer. The 24-aa “hanger motif” present in the
C-terminal domain of Tuc2009 BppU 1,000 Was shown to be re-
quired for the association of BppA 009 to the Tuc2009 tripod
structure (Fig. 7). Members of the P335 phage species that encode
BppUL baseplate components can be divided into two groups,
based on the presence or absence of BppA and the hanger motif
(Fig. 3).

Intriguingly, the lactococcal Podoviridae phage KSY1 (46) en-
codes baseplate proteins that are clearly homologous to those
found among the P335 species (which belongs to the Siphoviri-
dae), particularly those that belong to the TP901-1 group, as its
BppU, too, lacks the hanger motif and does not encode BppA
either (Fig. 3). The presence of this structure on a nonsiphophage
indicates that this carbohydrate recognition device is in operation
across a wider range of viruses than is currently appreciated.

The phage tripods discussed here represent the antireceptor
units of Tuc2009 and TP901-1 and are required for adsorption to
their respective hosts. It is presumed that these units have the
capability to specifically bind the host cell through receptors lo-
cated on the cell surface. Using electron microscopy and immu-
nogold labeling, we were able to observe the interaction of phage
tripod units with the cell surface (Fig. 8). In addition, we docu-
mented the ability of tripods to inhibit corresponding phage from
adsorbing to the host, with adsorption being the prerequisite for
infection. To the best of our knowledge, such findings have previ-
ously been shown only for recombinantly produced phage antire-
ceptors of the Podoviridae and Siphoviridae (7, 47). However, the
current work describes the first example of an elaborate hetero-
multimeric antireceptor that is believed to recognize a carbohy-
drate moiety, as opposed to a specific proteinaceous receptor. The
tripod complexes can cause nearly complete phage adsorption
inhibition at a concentration as low as 1 wM and still retain mea-
surable activity at 0.016 wM (Fig. 9A). This level of adsorption
inhibition is similar to that provided by the pb5 protein of E. coli
phage T5 (7). For both of the lactococcal tripods described here
and pb5, protection is seen in the micromolar range; however,
Tuc2009 and TP901-1 tripods appear to have greater efficacy,
causing 95% adsorption inhibition at 1 WM. Adsorption inhibi-
tion assays were also carried out with tripods lacking BppA-1,c2000>
showing that BppA-1,,000 18 DOt an essential component for func-
tional tripod binding but that it enhances the adsorption inhibi-
tion ability of the Tuc2009 tripod (Fig. 8C). We can therefore view
BppA- 000 @S an accessory protein in the baseplate of Tuc2009
that functions to increase adsorption effectiveness. This role is
probably conserved across bacteriophages with baseplates that in-
corporate a BppA homologue.

Itis possible to further quantify the interactions between phage
and tripods in our experimental setup, based on an estimation of
the surface area required for tripod binding and the surface area of
ahost cell. If we consider that the pellicle layer covers the entire cell
surface area and regard this as a uniformly and ubiquitously pres-
ent surface receptor, we can estimate that approximately 5 X 10*
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tripods are required to fully cover the surface of a host cell (note
that if this calculation is made based on the surface area of a circle
with the diameter of a Tuc2009/TP901-1 baseplate, we can fit
approximately 5 X 10> baseplates per cell). When we calculate the
number of tripods present per cell in our adsorption assays, they
range from 6 X 10% at 1 wM to 2.3 X 107 at 0.004 uM per cell. It
follows, then, that at the higher concentration there is an excess of
tripods over the number needed to cover the full cell surface area,
thus possibly coating the pellicle in a manner that competitively
excludes phage from adsorbing to the cell. At 0.004 wM, insuffi-
cient tripods are present to fully bind to and competitively exclude
phage from all available receptors, therefore hardly impacting
phage adsorption.

While the tripods of Tuc2009 and TP901-1 are morphologi-
cally similar, we found that their associated adsorption inhibition
abilities are specific to their native hosts and corresponding
phages (Fig. 9). Crossing the tripods with the alternative hosts
yielded no protective effect, accentuating the specificity of these
phage tripods and confounding the knowledge that this specificity
is exclusively linked to the C-terminal region of BppL and not just
a trait associated with the general morphology (Fig. 9).

This study represents the first functional analysis of the base-
plate and tripod proteins as a crucial device for saccharide-recog-
nizing phages. Furthermore, while it is established that the block
cloning strategy and affinity purification system is useful in terms
of the expression and purification of protein complexes, this study
provides compelling evidence that these complexes are associated
in the correct stoichiometric proportions and are biologically ac-
tive. While this study relates to the lactococcal P335 phage species,
the concept and mechanistic insights may be applied to any tailed
phage with affinity for cell surface carbohydrates.
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